MicroRNAs (miRNAs) are small non-coding RNAs that regulate multiple biological processes. Increasing experimental evidence implies an important regulatory role of miRNAs during embryonic development and in embryonic stem (ES) cell biology. In the current study, we have described and analyzed the expression profile of pluripotency-associated miRNAs in rabbit embryos and ES-like cells. The rabbit specific ocu-miR-302 and ocu-miR-290 clusters, and three homologs of the human C19MC cluster (ocu-miR-512, ocu-miR-520e, and ocu-miR-498) were identified in rabbit preimplantation embryos and ES-like cells. The ocu-miR-302 cluster was highly similar to its human homolog, while ocu-miR-290 revealed a low level of evolutionary conservation with its mouse homologous cluster. The expression of the ocu-miR-302 cluster began at the 3.5 days post-coitum early blastocyst stage and they stayed highly expressed in rabbit ES-like cells. In contrast, a high expression level of the ocu-miR-290 cluster was detected during preimplantation embryonic development, but a low level of expression was found in rabbit ES-like cells. Differential expression of the ocu-miR-302 cluster and ocu\scale100%{miR-512 miRNA was detected in rabbit trophoblast and embryoblast. We also found that Lefty has two potential target sites in its 3 0 UTR for ocu-miR-302a and its expression level increased upon ocu-miR-302a inhibition. We suggest that the expression of the ocu-miR-302 cluster is characteristic of the rabbit ES-like cell, while the ocu-miR-290 cluster may play a crucial role during early embryonic development. This study presents the first identification, to our knowledge, of pluripotency-associated miRNAs in rabbit preimplantation embryos and ES-like cells, which can open up new avenues to investigate the regulatory function of ocu-miRNAs in embryonic development and stem cell biology.
Introduction
MicroRNAs (miRNAs) are w22 nt non-coding RNAs implicated in the regulation of multiple biological processes including development, differentiation, and oncogenesis (Bartel 2004) . miRNAs regulate posttranscriptional gene expression, mostly through binding to complementary regions within 3 0 UTRs of their target mRNAs, leading to translational repression or cleavage (Lim et al. 2005) .
Regulation of gene expression in developmental processes is an important aspect of miRNA function. The first identified miRNAs, termed lin-4 and let-7, were found to be critical for the temporal control of larval development in Caenorhabditis elegans (Wightman et al. 1993 , Reinhart et al. 2000 . Many experiments have been performed to dissect the miRNA pathway in various organisms, demonstrating that miRNAs are essential for proper embryonic development. In C. elegans, dcr-1 homozygous mutant worms, in addition to being sterile, have shown some partially penetrant developmental abnormalities, such as egg-laying defect (Egl) and burst vulva phenotypes (Grishok et al. 2001 , Ketting et al. 2001 . Dicer-deficient mice die very early in development, by embryonic day 7.5, with essentially the arrest of development prior to gastrulation and the depletion of the pluripotent state (Bernstein et al. 2003) . In addition, Dicer ex1/2 (deletion of the first and second exons of the Dicer gene) homozygous mouse embryos are severely hypomorphic, display a retarded phenotype, and die mid-gestation (Yang et al. 2005) . Recent studies have demonstrated the embryonic-stage-specific expression of miRNAs (Mineno et al. 2006) . Interestingly, several stem-cell-specific miRNAs such as the miR-290 cluster have been shown to be the first de novo-expressed miRNAs in mouse embryos at the 2-4-cell stage, with an increasing expression through the blastocyst stage (Zeng & Schultz 2005 , Tang et al. 2007 , Viswanathan et al. 2009 , Svoboda & Flemr 2010 . Moreover, miR-290 cluster deficiency in mouse embryos causes penetrant embryonic lethality and germ cell defects, implying the important role of this cluster in embryonic development (Medeiros et al. 2011) .
miRNAs have also been identified as important regulators of embryonic stem cell (ESC) properties (Cao et al. 2008 , Gu et al. 2008 , Marson et al. 2008 . Dicermutant mouse ESC lines expressing pluripotent markers have shown a pronounced proliferation defect, the failure of teratoma and chimera formation, and the loss of differentiation ability (Kanellopoulou et al. 2005 , Murchison et al. 2005 . Dgcr8-knockout mouse ESCs have an extended population doubling time and a defect in embryonic body and teratoma formation (Wang et al. 2007b) . In addition to the Dicer-and Dgcr8-mutant ESC analyses that allow an overall investigation of the function of the miRNA pathway in ESCs, cloning and deep sequencing of miRNAs from stem cells have revealed the identity of ESC-specific miRNAs that may function in ESC self-renewal and differentiation. The mmu-miR-290 cluster has been reported as an ESCspecific miRNA that was highly expressed in undifferentiated ESCs (Houbaviy et al. 2003) and inhibited ESC differentiation (Zovoilis et al. 2009 ). This cluster has an important regulatory function in undifferentiated ESCs through the direct control of de novo DNA methylation (Benetti et al. 2008 , Sinkkonen et al. 2008 ) and cell cycle regulation by suppressing the G1-S transition and targeting cell cycle regulators (Wang et al. 2008 , Lichner et al. 2011 , and also modulates pluripotency through the repression of the canonical NF-kB pathway (Luningschror et al. 2012) . In addition, the promoter of this cluster is a direct target of key ESC transcription factors, such as OCT4, SOX2, and NANOG (Marson et al. 2008) . The human homolog of the mmu-miR-290 cluster, the miR-371 cluster, was also shown to be expressed in human ESCs (Suh et al. 2004 ) and did not reappear in any somatic lineage (Strauss et al. 2006) . This cluster shares the chromosomal region with the chromosome 19 miRNA cluster (C19MC cluster), which is a highly repetitive region containing 46 members of the superfamily and shows high sequence similarity to both hsa-miR-371 and mmu-miR-290 clusters (Bentwich et al. 2005 , Lichner et al. 2011 . The miR-302 cluster is also highly expressed in both human and mouse ESCs and downregulated upon differentiation . Similar to the miR-290 family, this cluster is a cell cycle regulator; cyclin D1 and Cdk4 are post-transcriptionally regulated by the miR-302 cluster in human ESCs, resulting in the positive regulation of ESC self-renewal (Card et al. 2008) . Furthermore, this cluster might positively regulate the Nodal/Activin pathway, therefore contributing to the maintenance of pluripotency (Barroso-delJesus et al. 2009 ). The miR-302 gene cluster is itself a downstream transcriptional target of NANOG, OCT3/4, REX1, and SOX2 (Barroso-delJesus et al. 2008 , Card et al. 2008 .
Apart from miRNA's role in ESC maintenance, recent reports have described the emerging role of miRNAs in somatic cell reprogramming (Judson et al. 2009 , Anokye-Danso et al. 2011 , Liao et al. 2011 , Lin et al. 2011 , Miyoshi et al. 2011 , Subramanyam et al. 2011 , Kelley & Lin 2012 , which has also been discussed in several review papers (Kuo et al. 2012 , Li & He 2012 , Lipchina et al. 2012 . The first study showed that c-Myc replacement of Yamanaka factors (Takahashi & Yamanaka 2006) by individual members of the miR-290 family enhances the reprogramming of mouse somatic cells to an induced pluripotent stem cell (iPSC) state (Judson et al. 2009) . A most recent report has indicated that iPSCs can be generated even more efficiently using lentiviral-based expression of the miR-302 cluster from both human and mouse somatic cells (Anokye-Danso et al. 2011) . Interestingly, mouse and human cells can be reprogrammed to an iPSC state even by the direct transfection of mature double-stranded miRNAs with no requirement for vector-based gene transfer (Miyoshi et al. 2011) . It is still not clear whether miRNAs alone can replace Yamanaka reprogramming factors; however, miRNAs can enhance reprogramming by promoting cell-cycle progression (Wang et al. 2008 and also by suppressing Tgfb signaling to promote the mesenchymalto-epithelial transition , Subramanyam et al. 2011 . Furthermore, miRNAs can also enhance the stemness and pluripotency of reprogrammed somatic cells at later stages. miR-302 miRNAs (miR-302s) can trigger global genomic DNA demethylation by the co-suppression of epigenetic regulators such as AOF2, AOF1, MECP1-p66, and MECP2 and subsequently promote the reactivation of pluripotency-associated genes, particularly POU5F1 (OCT4), SOX2, and NANOG (Lin et al. 2011) .
In the context of biomedical research, precise genetic engineering in rabbits (Oryctolagus cuniculus) would be a valuable model to generate genetically defined rabbit models of human diseases. To date, the rabbit has been applied as an experimental model of atherosclerosis, Alzheimer's disease, eye research, osteoarthritis, tuberculosis, and diabetes (Narayanaswamy et al. 2000 , Lin et al. 2007 , Winiarska et al. 2008 , Woodruff-Pak 2008 , Ramin et al. 2010 , Zahn et al. 2010 , Kang & Grossniklaus 2011 , Thieme et al. 2012 , as well as transgenesis for the production of pharmaceutical proteins (Hiripi et al. 2003 , Baranyi et al. 2007 , Ripplinger et al. 2007 , Han et al. 2008 . The first liveborn ES-derived rabbit chimera has been reported in 2010, albeit not with high efficiency (Zakhartchenko et al. 2011) . Therefore, rabbit ESCs (rabESCs) would be an invaluable tool for both creating second-generation transgenic models of human diseases and testing stem cell therapies for human applications. Although several groups could generate rabESCs with different derivation methods (Wang et al. 2007a , Catunda et al. 2008 , Honda et al. 2008 , Intawicha et al. 2009 , they is still difficult to establish and remain poorly characterized. Since ECSs are derived from early blastocysts, they can reflect the potential characteristic of their founder embryonic population. Therefore, it is important to compare the expression pattern of both miRNAs and proteins that are known to play regulatory roles during early lineage specification.
Collectively, we aimed to explore the ESC-specific miRNA expression pattern using the SOLiD System Small RNA Analysis from early embryonic stages to early rabbit ES-like cell passages for the first time to get more insight into their potential regulatory mechanism in embryonic development and tuning stem cell properties.
Results
SOLiD small RNA cDNA library sequencing To evaluate miRNA expression at the early cell-fate decision steps of the rabbit embryo, we chose to determine the expression of rabbit-specific miRNAs (ocu-miRNAs) at different embryonic stages. We sequenced a small RNA library constructed with the SOLiD small RNA expression kit from the total RNA of 6 and 7 days post-coitum (dpc) rabbit embryos and a Carnegie stage 17 embryo (14 dpc), germinal ridges containing primordial germ cells (PGCs) from 14 dpc embryos (mixed male and female), and rabbit embryonic fibroblast (rabEF) as a control. The expression of pluripotency associated miRNAs during early embryonic stages may reflect the ability of pluripotent cells to give rise to ES cells. Therefore, we also sequenced a small RNA library of rabbit ES-like cells and mouse embryonic fibroblast (MEF) cells that were used as a feeder layer for rabbit ES-like cell cultivation.
Massively parallel sequencing of amplified cDNA fragments using the SOLiD 3 System generated 2664988, 901107, 3015131, 2551138, 2045460, 3049402 , and 2448960 sequence reads corresponding to rabbit 6 dpc, 7 dpc, 14 dpc, PGCs, rabbit ES-like cells, rabEF, and MEF respectively (Supplementary Figure 1 , see section on supplementary data given at the end of this article). To analyze the sequence data, we identified sequence matches to known human, mouse, and bovine miRNAs (hsa-miRNAs, mmu-miRNAs, and bta-miRNAs) in miRBase, representing 5.4% of 6 dpc embryo reads, 15.8% of 7 dpc embryo reads, 35.0% of 14 dpc embryo reads, and 16.6% of rabES-like cell reads to the known hsa-miRNA database, and 7.6% of 6 dpc embryo reads, 21.7% of 7 dpc embryo reads, 46.2% of 14 dpc embryo reads, and 27.1% of rabES-like cell reads to the known mmu-miRNA database (supplementary details are provided in Supplementary Table 1) . A total of 80, 199, and 246 known hsa-miRNAs, mmu-miRNAs, and btamiRNAs were identified to be expressed in rabbit 6 dpc and 7 dpc embryos and rabbit ES-like cells respectively (more data are provided in Supplementary Figure 2) . We defined similarity of the obtained ocu-miRNAs to the known hsa-miRNAs, mmu-miRNAs, and bta-miRNAs as the fraction of all expressing rabbit miRNAs that corresponds to hsa-miRNAs, mmu-miRNAs, and btamiRNAs respectively. Thus, ocu-miRNAs exhibited more similarity to the known hsa-miRNAs than to the known mmu-miRNAs and bta-miRNAs. The identified ocu-miRNAs in 6 and 7 dpc rabbit embryos were 69 and 81% similar to hsa-miRNAs compared with the lower similarity of 61 and 70% to mmu-miRNAs and 66 and 62% to bta-miRNAs respectively. Likewise, rabbit miRNAs of 14 dpc embryos, PGCs, and rabEF showed more similarity to hsa-miRNAs. However, the miRNAs of rabbit ES-like cells displayed slightly more similarity to mmu-miRNAs (71%) than to hsa-miRNAs (69%), which can be explained by impurities associated with feeder layer usage during cell culture (Fig. 1A) . We also identified the number of similar ocu-miRNAs to each set of known hsa-miRNAs, mmu-miRNAs, and btamiRNAs. Out of 80 ocu-miRNAs expressed in 6 dpc embryos, 33 were identified in all four species, 14 were matched to hsa-miRNAs, 9 to mmu-miRNAs, and 13 to bta-miRNAs. From 199 expressing ocu-miRNAs in 7 dpc embryos, 37 were similar to hsa-miRNAs, 20 to mmumiRNAs, and 16 to bta-miRNAs, with 98 miRNAs shared by all four species. Rabbit ES-like cells that expressed 246 ocu-miRNAs presented 40 similar miRNAs to hsamiRNAs, 45 miRNAs to mmu-miRNAs, and 27 miRNAs to bta-miRNAs with 108 miRNAs in common (Fig. 1B) .
From more than 14 million miRNA high-quality reads obtained from the constructed rabbit small RNA library, we could identify a total of 1693 expressed rabbitspecific miRNAs representing greater similarity to known hsa-miRNAs. The number of reads obtained reflected the relative abundance and expression levels of miRNAs. Among the frequently sequenced miRNAs, we chose to analyze pluripotency associated miRNAs in rabbit ES-Like cells and during early embryogenesis.
Mature and putative pre-miRNA structure of rabbit miR-302 and miR-290 clusters
The polycistronic cluster of miR-302 that is located on human chromosome 4 consists of ten mature miRNAs: miR-302a-3p, miR-302a-5p, miR-302b-3p, miR-302b-5p, miR-302c-3p, miR-302c-5p, miR-302d-3p, miR-302d-5p, miR-367-3p, and miR-367-5p (Houbaviy et al. 2003 , Suh et al. 2004 . The murine homolog of the miR-302 cluster is located on chromosome 3 and presents all ten mature miRNAs. However, only the -3p mature miRNAs have been annotated until now in cattle (Strozzi et al. 2009 ). The mouse miR-290 cluster on chromosome 7 has a single spliced primary transcript, generating 14 mature miRNAs: miR-290-5p, miR-290-3p, miR-291a-5p, miR-291a-3p, miR-291b-5p, miR-291b-3p, miR-292-5p, miR-292-3p, miR-293-5p, miR-293-3p, miR-294-5p, miR-294-3p, miR-29-5p , and miR-295-3p (Houbaviy et al. 2003 (Houbaviy et al. , 2005 . miR-292 is the only annotated member of this cluster in cattle (Strozzi et al. 2009 ). The human homolog of the mmu-miR-290 cluster, the miR-371 cluster, which is located on chromosome 19, is also expressed in human ESCs (Houbaviy et al. 2003 , Suh et al. 2004 , Laurent et al. 2008 . This miRNA cluster shares this chromosomal region with the C19MC cluster, which is a highly repetitive region with 46 tandem repeats and is the largest hsa-miRNA gene cluster, expressed in placental tissues and human ESCs (Bentwich et al. 2005 , Bar et al. 2008 , Cao et al. 2008 , Bortolin-Cavaille et al. 2009 ). To analyze the mature structure of rabbit miRNA clusters, we performed a local alignment using the UCSC Genome Rabbit BLAT Search by comparing mature miRNA query sequences obtained from the SOLiD small RNA analysis with the rabbit genome assembly. The miR-302 gene cluster was identified on the positive strand of rabbit chromosome 15 in the same order as observed in human, mouse, and bovine clusters. At the mature sequence level, seven miRNAs showed 100% identity to human mature miRNAs, while ocu-miR-302a-5p, ocumiR-302b-3p, and ocu-miR-302b-5p had 95.8, 95.7, and 95.4% identity respectively. In contrast, similarity to mmu-miRNAs and bta-miRNAs was slightly lower (Supplementary Table 2 , see section on supplementary data given at the end of this article). They all share the same AAGTGCT and CTTTAAC seed sequences with human, mouse, and bovine homologs. However, ocumiR-367 has a different seed sequence (ATTGCA) from its human and mouse homologs. Detailed information about mature miRNAs of the rabbit miR-302 cluster is shown in Supplementary Table 3 . Despite the high similarity of the rabbit ocu-miR-302 cluster to its human homolog, the ocu-miR-290 cluster exhibited lower similarity to the mouse cluster. Rabbit homologs of the mmu-miR-290 cluster were located on the reverse strand of a short pseudo-chromosome chrUn0226 (scaffold GL018924). Among 14 members of the mouse cluster, rabbit ocu-miR-290-5p, ocu-miR-292-3p, and ocu-miR-294-3p presented 90.9, 87.5, and 100% identity to their mouse mature miRNA homologs at the mature sequence level respectively (Supplementary Table 4 ). Interestingly, ocu-miR-294-3p was also found on chromosome 2 by the mature sequence analysis with an identity of 90.9% on this locus. Furthermore, the homologs of mir-512-5p, miR-512-3p, miR-498, and miR-520e of the human ocu-miRNA similarity to hsa%, mmu%, and bta%. hsa% mmu% bta% Figure 1 Similarity of rabbit specific miRNAs to human (hsa), mouse (mmu), and bovine (bta) miRNAs. (A) Percentage of all expressing rabbit miRNAs corresponding to known hsa-miRNAs, mmu-miRNAs, and bta-miRNAs is shown. The number of expressing rabbit miRNAs was determined as those represented by at least ten sequencing reads. Calculation was carried out for each embryo stage or cell type separately. The similarity of all the identified ocu-miRNAs was higher to the known hsa-miRNAs than to mmumiRNAs and bta-miRNAs. However, rabbit ES-like cells displayed slightly higher similarity to mmumiRNAs (71%) than to hsa-miRNAs (69%), which was due to impurities associated with feeder layer (MEF) usage during cell culture. 6d, 6 dpc rabbit embryo; 7d, 7 dpc rabbit embryo; 14d, 14 dpc rabbit embryo; PGC, germinal ridges containing primordial germ cells of 14 dpc rabbit embryo; rabES, rabbit embryonic stem-like cells; rabEF, rabbit embryonic fibroblast. (B) Venn diagrams illustrating the overlaps between the number of miRNAs expressed in the rabbit with hsa-miRNAs, mmu-miRNAs, and bta-miRNAs and the numbers of ocu-miRNAs similar to hsa-miRNAs, mmumiRNAs, and bta-miRNAs. 6d, 6 dpc rabbit embryo; 7d, 7 dpc rabbit embryo; rabES, rabbit embryonic stem-like cells; hsa, hsa-miRNAs; mmu, mmu miRNAs; bta, bta-miRNAs.
C19MC cluster were all represented in the rabbit but we could not identify the rabbit homolog of the miR-371 cluster. We found two repeats of rabbit ocu-miR-512-5p and ocu-miR-512-3p located 5 0 to the rabbit miR-290 cluster on the reverse strand of chrUn0226. At the mature sequence level, ocu-miR-512-5p repeats displayed 82.6 and 78.2% (ocu-miR-512-I-5p and ocumiR-512-II-5p respectively) identity to the human homologs. Both repeats of ocu-miR-512-3p, which were located within 2.8 kb of each other, displayed 72.2% identity to their human homologs. Rabbit miR-498 and miR-520e exhibited 82.6 and 95.2% identity to their human homologs (Supplementary Table 4 ). Details of the mature miRNA sequences and chromosomal positions are provided in Supplementary Table 5 .
In order to confirm the mature sequence of rabbit miR-290 cluster members, a rabbit BAC library, created and maintained by Rogel-Gaillard et al. (2001) , was screened using ocu-miR-290, ocu-miR-294, and ocu-Nlrp12 (NLR family, pyrin domain containing 12: upstream gene of the miR-290 gene cluster) primers. A rabbit BAC clone 566F12 that harbors rabbit miR-290 cluster members was identified. The mature sequence of rabbit miR-290 cluster members obtained through BAC sequencing confirmed the result of the local alignment of the rabbit genome assembly. The chromosomal localization of this BAC clone is still unknown.
To identify the putative secondary structure of rabbitspecific miRNAs, a local BLAST search was performed using their human and mouse pre-miRNA homologs as query sequences. Since the mature miRNA sequences of the ocu-miR-302 cluster showed the highest similarity to their human homologs, the predictive secondary structure of this cluster was obtained based on the local alignment of human miR-302 cluster pre-miRNA query sequences against the rabbit genomic sequence. The identity of ocu-miR-302a, ocu-miR-302b, ocu-miR302c, ocu-miR-302d, and ocu-miR-367 was 98.5, 85, 100, 95.5, and 98.6% to their human pre-miRNA homologs respectively. Secondary structures of the ocu-miR-290 cluster were acquired using the local alignment of pre-miRNA sequences of the mouse miR-290 cluster against the rabbit genomic sequence.
Despite the low degree of similarity of rabbit premiRNA sequences to their mouse homologs, we could predict the putative secondary structure of ocu-miR-290 cluster members. Surprisingly, ocu-miR-290-5p and ocu-miR-292-3p formed a single pre-miRNA, which we named as ocu-miR-290/292 pre-miRNA (Supplementary Figure 3 , see section on supplementary data given at the end of this article). The pre-miRNA sequences of ocu-miR-512, ocu-miR-498, and ocumiR-520e located 7594 nt upstream to the ocu-miR-290 cluster were obtained based on the local alignment of their human homologs against the rabbit genomic sequence. The ocu-miR-512 precursor had two repeats differed by only one base in their 5 0 end of the mature sequence and three bases in their 3 0 end of the pre-miRNA sequence. Afterwards, candidate rabbit pre-miRNAs were folded with RNAshapes software. Pre-miRNAs with minimum free energy (MFE) were selected as the putative secondary structure. The structures and detailed information for candidate pre-miRNAs are shown in Supplementary Figure 3 .
Putative binding sites of transcription factors within the promoter region of rabbit miRNA families A highly conserved region of 525 bp upstream to the transcriptional start of the miR-302 gene cluster has been demonstrated to be a core promoter region of this gene cluster in human ESCs, which is regulated by ESCassociated transcription factors including OCT4, NANOG, SOX2, and REX1 (Barroso-delJesus et al. 2008) . In order to identify the putative binding sites of ESC-associated transcription factors in the rabbit, we performed a local alignment analysis by comparing predicted transcription factor binding sites within the human ESC core promoter region (Barroso-delJesus et al. 2008 , Card et al. 2008 with the rabbit genome assembly. We identified Oct4, Sox2, and Nanog binding sites in the putative promoter region of the ocu-miR-302 cluster located on chromosome 15, which are conserved regions in humans and mice and also in other species such as primates, other mammals, and birds (Fig. 2) . We could not detect the core promoter region of the ocu-miR-290 family in the rabbit, perhaps because this family is located on a contig that is not yet assigned to a chromosome.
miRNA expression during early rabbit embryonic development
In order to acquire a comprehensive perspective of the stem-cell-specific miRNA expression level during early embryonic stages, miRNA expression in collected oocytes and early embryos at 1-cell, 2-cell, 4-cell, 8-cell, 2.5 dpc (morula), 3.5 dpc, 4.5 dpc, 6 dpc, and 7 dpc (blastocysts) was analyzed, using real-time RT-PCR analysis. The expression levels were calculated relative to ocu-miR-191-5p as a reference gene since it was expressed in nearly the same level in rabbit embryos, ES-like cells, and tissue samples based on the SOLiD small RNA and quantitative RT-PCR analysis. We observed an upregulation of the rabbit miR-290 family began at the 4-cell stage, and showed a steady increase up to the 3.5 dpc blastocyst stage (Fig. 3) . Each of the miR-290 cluster members presented a low level of expression in oocytes. The miRNA level was higher in both 1-and 2-cell-stage embryos compared with the level detected in showed that the expression of ocu-miR-290 family members began in the 4-cellstage rabbit embryos; however, the expression of ocu-miR-512-5p started later, in the 8-cell-stage rabbit embryos. (B) ocu-miR-290 family expression increased stepwise up to the 3.5 dpc blastocyst stage and was downregulated in the 6 dpc embryos. ocu-miR-512-5p displayed a gradual increase in the expression level up to 4.5 dpc embryos and downregulated at the 6 dpc stage. Ocyt, oocytes; 1-cell, 1-cell-stage embryos; 2-cell, 2-cell-stage embryos; 4-cell, 4-cell-stage embryos; 8-cell, 8-cell-stage embryos; 2.5d, 2.5 dpc embryos; 3.5d, 3.5 dpc embryos; 4.5d, 4.5 dpc embryos; 6d, 6 dpc embryos; 7d, 7 dpc embryos. Expression levels were calculated relative to ocu-miR-191-5p and normalized to the 7 dpc miRNA level. The asterisks indicate statistically significant differences: *P!0.05; **P!0.02. Rabbit mir-302 cluster displays a low expression level during early embryonic stages. (A) There was no considerable expression of the ocu-miR-302 cluster at early stages. (B) Expression of ocu-miR-302 began at the 3.5 dpc stage and increased throughout embryonic development. Ocyt, oocytes; 1-cell, 1-cell-stage embryos; 8-cell, 8-cell-stage embryos; 2.5d, 2.5 dpc embryos; 3.5d, 3.5 dpc embryos; 4.5d, 4.5 dpc embryos; 6d, 6 dpc embryos; 7d, 7 dpc embryos. Expression levels were calculated relative to ocu-miR-191-5p and normalized to the 7 dpc miRNA level. The asterisks indicate statistically significant differences: ***P!0. 001. oocytes. The 4-cell-stage embryos compared with the 2-cell-stage embryos showed an increased expression level (about 2.8-fold change) of ocu-miR-290-5p. The ocu-miR-292-3p, and ocu-miR-294-3p expression levels in the 4-cell-stage embryos were 1.4-and 1.6-fold higher compared with the 2-cell-stage embryos (Fig. 3A) . The expression of rabbit miR-290 family members increased stepwise throughout the following embryonic developmental stages up to the 3.5 dpc blastocyst stage and was significantly upregulated at the 4.5 dpc stage. The expression of ocu-miR-290-5p, ocu-miR-292-3p, and ocu-miR-294-3p were significantly downregulated at the 6 dpc stage by 3.3-, 5.7-, and 3.1-fold respectively. The expression levels in the 6 and 7 dpc stage embryos were very similar (Fig. 3B) . Notably, the expression of ocu-miR-512-5p was restricted to a narrow developmental stage-specific window, starting at the 8-cell stage with an extensively high fold change of 54 to the 4-cellstage embryos and gradually increased up to the 4.5 dpc blastocyst stage. ocu-miR-512-5p presented a gradual increase in the expression level at the 4.5 dpc stage and a substantial downregulation of 3.4-fold at the 6 dpc stage, similar to rabbit miR-290 family members (Fig. 3A and B) . In contrast to the rabbit miR-290 family, which was expressed in earlier embryonic stages, the rabbit miR-302 family began to express later at the 3.5 dpc stage. The expression of ocu-miR-302 family members in rabbit oocytes and 1-cell-stage embryos was not detectable (Fig. 4A) . There was no considerable expression in the 8-cell-stage and 2.5 dpc embryos ( Fig. 4A and B) , whereas there was 13-, 2.4-, and 9.8-fold increases for ocu-miR-302a-3p, ocu-miR-302b-3p, and ocum69iR-367-3p expression at the 3.5 dpc blastocyst stage respectively, which could be considered as the reliable starting point for the expression of rabbit miR-302 cluster members. The expression level kept increasing up to 4.5 dpc; at 6 dpc, it increased by 3-, 7.9-, and 2.5-fold for ocu-miR-302a-3p, ocu-miR-302b-3p, and ocu-miR-367-3p respectively (Fig. 4B) . These results suggested that the miR-290 cluster might play a more significant role during early rabbit embryogenesis compared with the miR-302 cluster.
Furthermore, we analyzed the cell-specific expression of both ocu-miR-302 and ocu-miR-290 clusters in the trophoblast (Tr) and the embryoblast (Em) of a 6 dpc fully expanded blastocyst to examine whether there is a difference in the expression level of these embryonic cell types. While the expression levels of ocu-miR-290 cluster members were not significantly different among Tr and Em cells (Fig. 5A) , the expression levels of ocumiR-302a-3p, ocu-miR-302b-3p, and ocu-miR-367-3p were 3.9-, 4.3-, and 2.6-fold higher in Em cells (Fig. 5B) . The ocu-miR-512-5p miRNA was the only miRNA for which the expression level was higher in Tr cells (Fig. 5A) . Moreover, we analyzed the ocu-miR-512-5p expression level in two cell layers of the Em (hypoblast and epiblast) in comparison with the Tr of 6 dpc rabbit embryos to determine whether its expression is more related to a specific cell lineage. Interestingly, the expression of ocu-miR-512-5p was significantly higher in both Tr and hypoblast compared with the epiblast by 3-and 2.6-fold changes respectively (Fig. 5C ).
In parallel with the miRNA expression analysis, the expression levels of stem cell markers (Oct4 and Nanog), a Tr-specific transcription factor (Cdx2), and an early endodermal marker (Gata4) were evaluated by quantitative RT-PCR in rabbit embryos. Rabbit embryos expressed both stem cell and differentiation markers (Fig. 6 ). Rabbit oocytes contained maternal Oct4, Nanog, Cdx2, and Gata4 transcripts at a relatively low level. The 1-cell-stage embryos comprised maternal Oct4 and Gata4 transcripts, but Nanog and Cdx2 transcripts were not detected (Fig. 6A) . The expression of Oct4, Nanog, and Cdx2 increased extremely in early blastocyst stage embryos (3.5 dpc) and kept increasing up to the 7 dpc stage. The Gata 4 mRNA level was upregulated upon blastocyst expansion at the 6 dpc stage and increased up to 7 dpc (Fig. 6B ). In addition, we performed immunohistological analysis of the 6 dpc stage rabbit embryos. Laser scanning microscope (LSM) confocal microscope visualization demonstrated the Em-specific expression of OCT4 and Tr-specific expression of CDX2 in the 6 dpc rabbit embryos ( Fig. 7A and B) .
miRNA expression in rabbit ES-like cells
Subsequent to the ocu-miR-290 and ocu-miR-302 cluster expression analysis during rabbit embryonic development, we explored the expression analysis of both miRNA families in rabbit ES-like cells. We compared the miRNA expression level in attached ICM (ICM of attached blastocyst stage embryos to the mouse feeder layer) and second, third, fourth, and fifth passages of rabbit ES-like cells (Fig. 7) . The expression of the ocu-miR-290 cluster and ocu-miR-512-5p was not considerable in rabbit ES-like cells compared with their high expression level during early embryogenesis. ocu-miR-290-5p, ocu-miR-292-3p, and ocu-miR-294-3p were dramatically downregulated after the second passage compared with the attached ICM by 24.3-, 14.3-, and 9.75-fold changes respectively. However, the downregulation of ocu-miR-512-5p was not significant (about 2.1-fold) in contrast to the ocu-miR-290 family. The second and third passages of rabbit ES-like cells showed nearly the same expression level of ocu-miR-290-5p, ocu-miR-292-3p, and ocu-miR-294-3p, but the expression of ocu-miR-512-5p was diminished by about 2.3-fold. The expression of the ocu-miR-290 family and ocu-miR-512-5p was reduced after the third passage up to the fifth passage of rabbit ES-like cells (Fig. 8A) . Unlike the ocu-miR-290 family, the ocu-miR-302 cluster was highly expressed in the early passages of rabbit ES-like cells. ocu-miR-302a-3p, ocu-miR-302b-3p, and ocumiR-367-3p exhibited upregulation in the second passage of rabbit ES-like cells compared with the attached ICM (9.8-, 10.3-, and 12.2-fold respectively). The expression of ocu-miR-302a-3p, ocu-miR-302b-3p, and ocu-miR-367-3p was significantly elevated by 4-, 4.2-, and 6.7-fold changes in the third passage of rabbit ES-like cells compared with the second passage. Likewise, both ocu-miR-302a-3p and ocu-miR-302b-3p showed a significant increase in their expression level by the fourth passage, but ocu-miR-367-3p was downregulated. By the fifth passage, ocu-miR-302a-3p and ocu-miR-367-3p were substantially downregulated, whereas the expression of ocu-miR-302b stayed at the same level (Fig. 8B) . The rabbit ES-like cells expressed both Oct4 and Nanog transcripts at a high level, reflecting their pluripotent state; however, their expression was significantly diminished by the third passage. There was an expression of the Cdx2 transcript, which might be related to the cells derived from the Tr. We could also detect a very low level of Gata4 expression in rabbit ES-like cells correlated with some Ocyt 1-cell Figure 6 Quantitative RT-PCR analysis of stem cell and early differentiation markers. (A and B) Rabbit embryos expressed both pluripotent markers (Oct4 and Nanog) and early differentiation markers (Cdx2, trophoblast-specific transcript; Gata4, early endodermal transcript). The number of cDNA target molecules was calculated by comparing with the standard curve generated from serial dilutions of primer-specific DNA probes generated from cDNA plasmid clones. Ocyt, oocytes; 1-cell, 1-cell-stage embryos; 3.5d, 3.5 dpc embryos; 4.5d, 4.5 dpc embryos; 6d, 6 dpc embryos; 7d, 7 dpc embryos. differentiated cells (Fig. 8C) . The immunohistological analysis underlined the expression of OCT4 in rabbit ES-like cells and the ICM attached to the feeder layer ( Fig. 7C and D) .
Lefty is post-transcriptionally targeted by ocu-miR-302a in rabbit ES-like cells
We chose to predict the putative targets of ocu-miR-302a miRNA from the miR-302 family based on the fact that all -3p mature miR-302s share the same seed sequence (Supplementary Table 3 , see section on supplementary data given at the end of this article) by which miRNA binds to the 3 0 UTR of its target mRNAs. Therefore, they may target the same mRNAs (Bartel 2004) . LEFTY inhibits the expression of TGFb/Activin/Nodal family proteins and is the main antagonist of Nodal signaling (Tabibzadeh & Hemmati-Brivanlou 2006) . There is evidence that TGFb/Activin/Nodal signaling through Smad2/3 is necessary for the maintenance of pluripotency in human ESCs (James et al. 2005 , Vallier et al. 2005 , Bendall et al. 2007 , Barroso-delJesus et al. 2009 , Montes et al. 2009 , Ramos-Mejia et al. 2010 . It has also been demonstrated that LEFTY is negatively modulated by miR-302s in human ESCs (Barroso-delJesus et al. 2011). Based on this evidence, we first analyzed whether ocu-miR-302a could physically interact with Lefty. The rabbit Lefty cDNA sequences available in databases do not contain the 3 0 UTRs; hence, the region coding for the 3 0 UTR was identified in the genomic sequence of chromosome 16 by similarity search against human LEFTY2 mRNA (NM_003240.3). Sequence analysis of the predicted potential 3 0 UTR of rabbit Lefty revealed the presence of two putative target sites for ocu-miR-302a (Fig. 9A) . Interestingly, one of the putative target sites (at position 47874528; Fig. 9A ) within the predicted rabbit Lefty 3 0 UTR was conserved between humans and rabbits (data are not shown). In order to validate the bioinformatic predictions, we transiently transfected rabbit ES-like cells (second passage) with the anti-miR302a inhibitor. Mature miR-302a levels were decreased in anti-miR-302a-transfected rabbit ES-like cells since the anti-miR inhibitors bind irreversibly to miRNAs and inhibit endogenous miRNA molecules (data not shown). The quantitative real-time PCR analysis showed a significant dose-dependent increase in the expression level of Lefty mRNA in anti-miR-302a-transfected rabbit ES-like cells compared with the untransfected control rabbit ES-like cells (Fig. 9B) . The rabbit ES-like cells transfected with 100 nM anit-miR-302a exhibited the highest level of expression for Lefty compared with the control ES-like cells by a 3.5-fold change. Likewise, Lefty was upregulated in rabbit ES-like cells treated with 50 and 30 nM anti-miR-302a in contrast to the control ES-like cells by 2.8-and 2.3-fold changes respectively (Fig. 9B) .
In summary, we identified all miR-302 cluster members, three miRNAs of the mmu-miR-290 cluster and three miRNAs of the human C19MC cluster in rabbit pluripotent cells. We propose that the ocu-miR-302 cluster is characteristic of rabbit ES-like cells, whereas ocu-miR-290 members play an important role during rabbit early embryogenesis. We also suggested that ocu-miR-512 might have a regulatory role to maintain hypoblast-and Tr-specific mRNAs and proteins. Furthermore, we identified a potential target, Lefty, for ocu-miR-302a and showed that the expression level of Lefty was increased by ocu-miR-302a inhibition in rabbit ES-like cells.
Discussion
By applying the SOLiD deep-sequencing technique, we report here for the first time, to our knowledge, the miRNA expression profile during early rabbit embryonic development and in ES-like cells. SOLiD sequencing provides a powerful screening method, enabling the simultaneous sequencing of up to millions of DNA or RNA molecules to discover novel miRNAs. The highthroughput sequencing approach allowed us to identify rabbit-specific miRNAs, which have not yet been annotated, and enabled a semi-quantitative estimation of the relative expression level of ocu-miRNAs. We could identify a total of 1693 expressing rabbit miRNAs based on the comparison of the obtained sequence reads with the known hsa-miRNA, mmu-miRNA, and btamiRNA databases (miRBase). The degree of homology of the identified rabbit miRNAs and the number of similar miRNAs to known hsa-miRNAs were higher than known mouse and bta-miRNAs. Recently, the laboratory rabbit has become one of the most often used experimental models for human health due to its higher similarities with respect to human early development and stem cell biology (Fischer et al. 2012) than the laboratory mouse which does not represent all the crucial phenomena in early mammalian development and stemness status (Berg et al. 2011) . Our objective was to identify and characterize ESC-specific miRNAs and miRNA clusters in rabbit ES-like cells, which represented high read numbers based on small RNA library sequencing. rabESCs have been generated and described by several groups (Wang et al. 2007a , Catunda et al. 2008 , Honda et al. 2008 , Intawicha et al. 2009 , Zakhartchenko et al. 2011 ; however, fully functional rabESC lines have not yet been established. These generated rabESCs expressed in vitro markers of pluripotency and showed a normal karyotype. Recently, Zakhartchenko et al. (2011) obtained a chimera from a rabESC line, but with a low efficiency. While the existing rabESC lines are not definitive functional ESCs, we aimed to detect and characterize ESC-specific miRNAs of the early steps of rabESC line establishment and their embryonic founder cell population of attached ICM clumps and embryonic discs. miRNAs are essential for early stages of embryonic development and the critical role of miRNAs starts from the first cell division (Tang et al. 2007) . Hence, we also aimed to profile the expression pattern of ESC-specific miRNAs of progressive stages of rabbit preimplantation embryonic development, which may play an important role in the establishment and maintenance of pluripotent progenitor cells. On the other hand, the rabbit can be a relevant model to study human embryogenesis, because of its In contrast, the ocu-miR-302 cluster was expressed at a high level in rabbit ES-like cells. miRNA expression was calculated relative to ocu-miR-191-5p and normalized to the 7 dpc miRNA level. (C) Rabbit ES-like cells expressed pluripotent markers (Oct4 and Nanog) at a high level. Cdx2 and Gata4 expression might be related to trophoblast-derived cells. The number of cDNA target molecules was calculated by comparison with the standard curve generated from serial dilutions of primer-specific DNA probes generated from cDNA plasmid clones. att.ICM: ICM attached to the feeder layer; ES/2X, ES/3X, ES/4X, and ES/5X: second, third, fourth, and fifth passages of rabbit ES-like cells respectively. The asterisks indicate statisticallysignificant differences: *P!0.05; **P!0.02; and ***P!0.001.
higher similarity to human compared with rodents. The rabbit has a common characteristic of non-imprinted early expression of Xist and the delay in X-linked gene inactivation (Okamoto et al. 2011) , and a flat-shaped embryonic disc with two layers of the hypoblast and epiblast in the gastrulation stage (Viebahn 1999 ) and epiblast establishment. Lining up with the earlier data on ESC-specific miRNAs in other species, all miR-302 cluster members (Houbaviy et al. 2003 , Suh et al. 2004 , some from the mouse miR-290 cluster (ocu-miR-290-5p, ocu-miR-292-3p, and ocu-miR-294-3p; Houbaviy et al. 2003 Houbaviy et al. , 2005 and three miRNAs of the human C19MC cluster (ocu-miR-512, ocu-miR-498, and ocu-miR-520e; Houbaviy et al. 2003 , Bentwich et al. 2005 , Bar et al. 2008 , Bortolin-Cavaille et al. 2009 ), were identified in rabbit pluripotent cells. We found that the ocu-miR-302 cluster is highly similar to its human homolog both in mature and premiRNA sequence levels and in the identical linear order arrangement on its corresponding chromosome (Supplementary Figure 4 , see section on supplementary data given at the end of this article). The expression of ocumiR-302 cluster members began at the 3.5 dpc early blastocyst stage and exhibited a high expression level in rabbit ES-like cells (Figs 4 and 8B) . Moreover, Oct4, Sox2, and Nanog binding sites, which are conserved regions in humans, mice, primates, birds, and other mammals (Card et al. 2008) , were detected in the putative promoter region of the ocu-miR-302 cluster (Fig. 2) . Our results underlined the fact that the ocu-miR-302 cluster is ESC-specific, like in human ESCs, and can play a crucial role in the maintenance of rabbit stem cell pluripotency and self-renewal. Even though miR-367 had a different seed sequence, its expression is required for miR-302/367-mediated reprogramming and the activation of POU5F1 gene expression (Anokye-Danso et al. 2011); hence, we performed the expression analysis of ocu-miR-367 too. The expression of ocumiR-367 followed the same expression pattern as other members of the cluster during embryonic development and in rabbit ES-like cells.
The ocu-miR-290 cluster comprises only three mature miRNAs, ocu-miR-290-5p, ocu-miR-292-3p, and ocumiR-294-3p, indicating a low level of evolutionary conservation with its mouse homologous cluster. Surprisingly, 5 0 ocu-miR-290 together with 3 0 ocu-miR-292 line up in a single pre-miRNA (pre-miR-290/292), whereas the mmu-miR-290 cluster codes for three premiRNAs (pre-miR-290, pre-miR-291a, and pre-miR-292) in the same genomic region.
Furthermore, ocu-miR-512, ocu-miR-520e, and ocu-miR-498 are located in close proximity to the ocu-miR-290 cluster on contig chrUN0226 similar to the human homolog of the mmu-miR-290 cluster and hsa-miR-371 cluster (Supplementary Figure 5 , see section on supplementary data given at the end of this article). Based on the sequence comparison and repeat analysis, we previously suggested that miR-290-291a was the ancestor of the miR-290 cluster, which gave rise to other members of the cluster through a duplication process (Lichner et al. 2011) . It was also proposed that, most probably, hsa-miR-371 was derived from miR-290, while hsa-miR-371 itself is the possible origin of hsa-miR-512. Taken together, we speculate that all six rabbit miRNAs that are located on contig chrUN0226 (ocu-miR-290-5p, ocu-miR-292-2p, ocu-miR-294-3p, ocu-miR-512, ocu-miR-520e , and ocu-miR-498) might be evolved from the same ancestor through duplications. This hypothesis implies that these rabbit miRNAs recapitulate the evolution of human homologs. The expression of the ocu-miR-290 cluster was initiated in the 4-cell-stage rabbit embryos, as reported earlier in the case of mouse embryos (Tang et al. 2007 , Viswanathan et al. 2009 , and steadily increased through the blastocyst stage (Fig. 3) . Its expression was considerably downregulated at the 6 dpc stage and was remarkably low in rabbit ES-like cells (Figs 3 and 8A) . Presumably, the role of the ocu-miR-290 cluster becomes less critical for rabESC maintenance due to its low level of expression in contrast to its higher expression level during early rabbit embryonic development. Similar to mouse embryos (Tang et al. 2007 , Svoboda & Flemr 2010 , a low level of maternal ocumiR-290 was detected in rabbit oocytes and a de novo expression of ocu-miR-290 cluster members began in the 1-and 2-cell-stage embryos. Taken together, these data lead us to speculate that the ocu-miR-290 cluster might play an essential role during early rabbit embryogenesis, which is consistent with the notion that knockout of the mmu-miR-290 cluster leads to early embryonic lethality (Medeiros et al. 2011) .
In order to gain a comprehensive overview of ESCspecific miRNA expression, we summarized the observed changes in the expression of ocu-miR-302 and ocu-miR-290 clusters during early embryonic development and early passages of rabbit ES-like cells (Fig. 10) . We observed the highest expression of the ocumiR-290 cluster at the 3.5 dpc embryonic stage, while the ocu-miR-302 cluster expression began at this embryonic stage and increased through the blastocyst stage. It seems that the 3.5 dpc stage might be a crucial time point of embryonic development, where ocu-miR-290 and ocu-miR-302 expressions are evidently altered. It is also tempting to speculate that the expression of these two clusters is regulated directly or indirectly by each other's expression level. It has recently been described that PSCs in the 'naive' state represented by murine ESCs and the 'primed' state represented by murine epiblast stem cells (EpiSCs) and human ESCs (Nichols & Smith 2009 ) display a distinct miRNA expression profile (Jouneau et al. 2012) . Murine ESCs predominantly express the miR-290 cluster, whereas human ESCs and EpiSCs display predominant expression of the miR-302 cluster (Jouneau et al. 2012) . The high expression level of the ocu-miR-302 cluster compared with the low expression level of the ocu-miR-290 cluster in rabbit ES-like cells might reflect their primed state. Our current experiments aimed to improve the culture conditions in order to obtain rabESCs in the naive state.
The differential expression of ocu-miR-302 cluster and ocu-miR-512 miRNA was observed in Tr and Em cells. The higher expression of the ocu-miR-302 cluster in the Em compared with the Tr indicated the pluripotent characteristics of the Em. However, the expression of ocu-miR-512 appeared in the 8-cell-stage embryos and increased in Tr cells. C19MC, the largest hsa-miRNA gene cluster, is extensively expressed in the placenta and human ESCs (Bentwich et al. 2005 , Bar et al. 2008 , Cao et al. 2008 , Bortolin-Cavaille et al. 2009 . Recent studies have shown that C19MC miRNAs are predominantly expressed in primary human Tr cells (Donker et al. 2012, Figure 10 Stem-cell-specific miRNAs are differentially expressed during rabbit embryonic development and in ES-like cell colonies. Summary of the observed changes in ocu-miR-302 and ocu-miR-290 cluster expression during early embryonic development (A) and in early passages of rabbit ES-like cells (B). The highest level of ocu-miR-290 was found at the 3.5 dpc embryonic stage, while the ocu-miR-302 cluster began to be expressed in this time window. Ocyt, oocytes; 1-cell, 1-cell-stage embryos; 8-cell, 8-cell-stage embryos; 3.5d, 3.5 dpc embryos; 4.5d, 4.5 dpc embryos; 6d, 6 dpc embryos; ES/2X, ES/3X, ES/4X, and ES/5X, second, third, fourth, and fifth passages of rabbit ES-like cells respectively. Morales-Prieto et al. 2012) . Our results showed a high expression level of ocu-miR-512 in the Tr and a diminished expression level through the rabbit ES-like passages. Furthermore, the abundant expression of ocu-miR-512-5p in the hypoblast and Tr (Fig. 5C ), the embryonal cell types that contribute to the extra-embryonic tissues, suggests that ocu-miR-512 may play a role in the modulation of hypoblast-and Tr-specific mRNAs and proteins. In order to investigate the biological function of the newly identified rabbit miRNAs, we attempted to identify the putative ocu-miR-302a mRNA target. Considering the low level of ocu-miR-290 cluster expression in rabbit ES-like cells, we decided to predict the putative target of ocu-miR-302a miRNA that was highly expressed in rabbit ES-like cells. Two putative target sites for ocu-miR-302a were identified within the predicted 3 0 UTR of the rabbit Lefty gene. One of the putative target sites was conserved between humans and rabbits, which may suggest a functional role for this site through the miRNA-target interaction. Transient inhibition of ocu-miR-302a miRNA in rabbit ES-like cells has allowed us to identify Lefty as a direct target of ocumiR-302a (Fig. 9) , underlining earlier findings in human ESCs (Barroso-delJesus et al. 2011) . LEFTY is the main antagonist of Nodal signaling and inhibits the expression of TGFb/Activin/Nodal family proteins (Tabibzadeh & Hemmati-Brivanlou 2006) . Subsequently, TGFb/Activin/ Nodal signaling maintains the pluripotency of human ESCs through Smad2/3 (James et al. 2005 , Vallier et al. 2005 , Bendall et al. 2007 , Barroso-delJesus et al. 2009 , Montes et al. 2009 , Ramos-Mejia et al. 2010 . In addition, all -3p mature ocu-miR-302s share the same seed sequence; hence, they may target the same mRNAs. We thus propose that the ocu-miR-302 family negatively modulates Lefty mRNA expression in rabbit ES-like cells and maintains their pluripotency through targeting the signaling pathways.
miRNAs have emerged as key regulators in the maintenance of ESCs and early embryonic development. In this study, we present a comprehensive miRNA profile in rabbit preimplantation embryonic development and rabbit ES-like cells. We identified the ocu-miR-302 and ocu-miR-290 clusters and three members of the human C19MC cluster in rabbit embryos and ES-like cells. Our results demonstrate that the expression of ocu-miR-290 cluster members might be crucial during rabbit early embryonic development, while ocu-miR-302 cluster expression is more rabbit ES-like-cell-specific. We also identified Lefty as a direct target of ocu-miR-302a. 
Materials and Methods

Animals
Embryo collection
New Zealand white rabbits were superovulated with PMSG (30 IU/kg; Invert, Boxmeer, The Netherlands) and hCG (45 IU/kg; Ferring Pharmaceutical, Budapest, Hungary). Embryos were collected at 1-, 2-, 4-, and 8-cell stages, and in 2.5, 3.5, 4.5, 6, 7, and 14 dpc embryos and 14 dpc embryo germinal ridges containing PGCs. Likewise, oocytes were collected after the removal of cumulus cells with 0.03% hyaluronidase (Sigma). To investigate cell-specific gene expression in the Tr and Em and its two cell layers (hypoblast and epiblast), the zona pellucida of 6 dpc embryos was mechanically removed without losing track of the dorsal (epiblast) and ventral (hypoblast) sides of the embryonic disc. The embryonic discs (composed of Em cells) were microdissected from the Tr under a stereomicroscope, and then the embryonic discs were oriented and tungsten needles were used to remove the hypoblast from the epiblast (Puschel et al. 2010) . The isolated Em, hypoblast, epiblast, and Tr of blastocysts were stored separately at K80 8C.
Cell culture
The zona pellucida of 4.5 dpc rabbit embryos was removed by treatment with 0.5% pronase (Sigma-Aldrich) in PBS. The zona-pellucida-free embryos were cultured on mitomycin C (10 mg/ml; Sigma-Aldrich) by treating MEFs in basic ESC culture medium (Catunda et al. 2008) supplemented with 15% serum replacement (Invitrogen) instead of fetal bovine serum used in the original protocol. After embryo attachment, the fresh medium was changed every day and the passages were performed every 5-7 days using accutase (Invitrogen, Life Technologies) to disaggregate the cells.
RNA isolation
Total RNA was isolated from rabbit oocytes, embryos, ES-like cells, and different tissues with TRIzol reagent (Invitrogen, Life Technologies) according to the manufacturer's instructions.
SOLiD sequencing and small RNA analysis
Total RNA from 3.5, 4.5, 6, 7, and 14 dpc rabbit embryos, rabbit PGCs of 14 days embryo, rabEF, rabESCs (20 passages), and MEF were processed into sequencing libraries using the Small RNA Expression Kit (SREK, Applied Biosystems). Due to low RNA concentration, 3.5 and 4.5 dpc embryos were excluded from the sequencing program. Libraries were amplified onto beads using emulsion PCR, deposited on slides, and sequenced using the SOLiD 3 System (Applied Biosystems) at the Institute for Plant Genomics, Human Biotechnology and SOLiD data were first analyzed by the SOLiD System Small RNA Analysis Pipeline Tool (RNA2MAP, version 0.5). Annotation of sequences was performed on the basis of similarity to known human, bta, and mmu-miRNA sequences downloaded from miRBase (Released 17: March 2011; http://www.mirbase. org/). To obtain the nucleotide sequences of rabbit miRNAs, color-space SOLiD reads matching one of the known hsamiRNAs, mmu-miRNAs, and bta-mature miRNAs were converted to nucleotide sequences and their consensus was generated after multiple alignment.
Sequence analysis
Sequences were obtained from the miRBase (http://www. mirbase.org/) and Ensembl databases (http://www.ensembl. org). To analyze sequence similarities and the mature structure of miRNAs, local alignment was carried out using the BLAST2SEQ program at NCBI (http://blast.ncbi.nlm.nih.gov/) and BLAT Search against the rabbit genome assembly (oryCun2) at UCSC (http://genome.ucsc.edu/). Known human and mouse pre-miRNAs were used as query sequences to identify putative pre-miRNA sequences in the rabbit. Then, the obtained putative pre-miRNAs were subjected to the RNAshapes tool (http://bibiserv.techfak.uni-bielefeld.de/ rnashapes/) and the results were obtained in BMP graphics containing the secondary structure with MFE.
Real-time quantitative PCR
Mature miRNA quantification was performed with a twostep protocol including RT with miRNA-specific primers (Supplementary Table 6 , see section on supplementary data given at the end of this article) using the TaqMan MicroRNA Reverse Transcription Kit, followed by quantitative real-time PCR with TaqMan MicroRNA Assays-TM (Supplementary  Table 6 ) using the TaqMan Gene Expression Master Mix. For mRNA quantification, the extracted total RNA samples were reverse transcribed into cDNA, using a High Capacity cDNA Reverse Transcription Kit. The synthesized cDNAs were subjected to quantitative real-time PCR using the SYBR Green PCR Master Mix as a double-stranded DNA-specific fluorescent dye with rabbit specific primer sets (Invitrogen, Life Technologies; Supplementary Table 7 ). All reagents were purchased from Applied Biosystems, Life Technologies and reaction protocols were carried out according to the manufacturer's instructions. The reactions for both miRNA and mRNA were automated by the Eppendorf Mastercycler ep realplex 4 . Fold change was calculated based on the DDCt method normalized to miR-191 (for miRNA expression analysis) and Gapdh (for mRNA expression analysis; Navarrete Santos et al. 2008) . Indeed, the number of target cDNA molecules was calculated by comparison with the standard curve generated from serial dilutions (10, 10 , and 10 8 molecules/ml) of primer-specific DNA probes generated from cDNA plasmid clones. The analysis was performed using GenEx qPCR data analysis software by MultiD (http://www. multid.se).
For each sample, the signal was averaged over replicates. Each biological replicate of embryos consisted of a pool of staged embryos (Supplementary Table 8 , see section on supplementary data given at the end of this article). Results are expressed as mean GS.D. A one-way ANOVA test (GenEx software) followed by the Tukey-Kramer test was used to document any statistically significant difference between multiple groups. A probability level of P!0.05 was considered to be significant.
Immunocytochemical staining
Embryos were fixed in 4% paraformaldehyde (Sigma-Aldrich) in PBS at room temperature for 10 min and washed in PBS. For blocking, PBS containing 0.1% BSA, 0.01% Tween-20, and 2% donkey serum was used for 30 min. Samples were incubated with an appropriate amount of primary antibodies overnight at 4 8C and then with secondary antibodies for 1 h at room temperature. The following primary antibodies were used: Oct4 (ab27985, 1:100; Abcam, Cambridge, UK) and Cdx2 (ab15258, 1:100; Abcam). Secondary-fluorochrome-conjugated antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were diluted 1:400 in blocking buffer. Nuclear staining was performed by embedding the cells in DAPI containing Vectashield mounting medium (H-1200; Vector Laboratories, Burlingame, CA, USA). Samples were visualized under the LSM confocal microscope (Carl Zeiss, Gö ttingen, Germany).
Rabbit BAC library screening
A BAC clone containing the rabbit miR-290 gene cluster was isolated from a rabbit genomic BAC library that has been constructed from high-molecular-weight DNA prepared from white blood cells of a New Zealand rabbit (Rogel-Gaillard et al. 2001) . Screening was performed based on the PCR screening method using three pairs of rabbit specific primers: rab-miR290-FW/RV, rab-miR294-FW/RV, and rab-nlrp12-FW/ RV (Supplementary Table 9 , see section on supplementary data given at the end of this article). The selected BAC clone was subjected to sequencing with a set of forward and reverse primers (Supplementary Table 9 ).
Identifying putative target sites of ocu-miR-302a
The 3 0 UTR sequences were missing from many predicted rabbit Ensembl transcripts; thus, BLASTN (Altschul et al. 1997 ) similarity searches with full-length human cDNAs were carried out at Ensembl (http://www.ensembl.org) to find the regions covering the 3 0 UTRs in the rabbit genome. Putative miRNA target sites and miRNA-mRNA duplexes were then predicted using the online RNAhybrid program (http:// bibiserv.techfak.uni-bielefeld.de/rnahybrid/; Rehmsmeier et al. 2004) 
